Lipid peroxidation is the process by which oxygen combines with lipids to generate lipid hydroperoxides via intermediate formation of peroxyl radicals. Vitamin E and coenzyme Q 10 react with peroxyl radicals to yield peroxides, and then these oxidized lipid species can be detoxified by glutathione and glutathione peroxidase 4 (GPX4) and other components of the cellular antioxidant defense network. Ferroptosis is a form of regulated nonapoptotic cell death involving overwhelming iron-dependent lipid peroxidation. Here, we review the functions and regulation of lipid peroxidation, ferroptosis, and the antioxidant network in diverse species, including humans, other mammals and vertebrates, plants, invertebrates, yeast, bacteria, and archaea. We also discuss the potential evolutionary roles of lipid peroxidation and ferroptosis.
Ferroptosis is an iron-dependent oxidative form of cell death associated with increased lipid peroxidation and insufficient capacity to eliminate lipid peroxides. Ferroptosis is distinct by numerous criteria from apoptosis, necroptosis, classic necrosis, and other reported forms of cell death (Galluzzi et al. 2018) . Historically, cell death involving iron and lipid peroxidation has been observed in diverse species, including mammals, birds, and fish, but was not attributed to ferroptosis, given that the term and concept were first introduced in 2012 (Dixon et al. 2012) . It is clear, however, that disrupted iron homeostasis and unchecked lipid peroxidation, two key characteristics of ferroptosis, are associated with pathologies in numerous animal species during diverse life states. Here, we summarize evidence for ferroptosis-like cell death and the functions and regulation of lipid peroxidation in several species representative of the diversity of life on Earth.
Regulated cell death mechanisms other than apoptosis have emerged in recent years . The term ferroptosis was introduced (Dixon et al. 2012 ) to describe cell death induced by the compound erastin, which causes glutathione depletion through system X c − inhibition and consequently glutathione peroxidase 4 (GPX4) inactivation (see Fig. 1 ; Yang et al. 2014) . GPX4 functions to remove lipid peroxides generated in phospholipid membranes (Ursini et al. 1982) . Numerous compounds have been identified (such as erastin, RASselective lethal [RSL3] , ferroptosis inducer 56 [FINF56] , and ferroptosis inducer endoperoxide [FINO 2 ]) that cause loss of GPX4 activity and overwhelming lipid peroxidation, resulting ultimately in cell death (Dixon et al. 2012; Yang et al. 2014) . Ferroptosis may contribute to degenerative pathologies and might be therapeutically beneficial in some cancers .
Lipids containing polyunsaturated fatty acids (PUFAs) with labile bis-allylic hydrogen atoms are most susceptible to lipid peroxidation and are necessary for the normal execution of ferroptosis (Yang et al. 2016a) . While other lipids can undergo peroxidation under extreme conditions, such as in the presence of ionizing radiation or upon photobleaching of dyes, the generation of lipid peroxides in cells under normal circumstances is dependent on the availability of PUFA tails with their readily removable hydrogen atoms. Thus, the ability of cells to undergo ferroptosis ordinarily depends on the abundance and localization of PUFA within the context of phospholipid bilayers. Consistent with this concept, addition of arachidonic acid (ARA) or other PUFAs to human cells sensitizes them to ferroptosis (Yang et al. 2016a) , presumably because this increases PUFA incorporation into phospholipid membranes.
PUFAs are esterified into membrane phospholipids, especially phosphatidylethanolamine (PE)-containing phospholipids with arachidonate or adrenate moieties, and generate lipid peroxides in membrane phospholipids that cause ferroptotic cell death Kagan et al. 2017) . Acyl-CoA synthetase long chain family member 4 (ACSL4) and lysophosphatidylcholine acyltransferase 3 (LPCAT3) are enzymes that are necessary for the generation of PUFA-PEs in human and mouse cells, suggesting that ancestral orthologs of genes encoding these enzymes may have played a role in the evolution of ferroptosis (Fig.  1) . Deletion of these genes causes resistance to ferroptosis in mammals (Dixon et al. 2015; Yuan et al. 2016; Doll et al. 2017; Kagan et al. 2017) .
Some enzymes drive the peroxidation that causes ferroptotic cell death. For example, lipoxygenases (LOXs; encoded by the ALOX genes) mediate ferroptotic cell death in some contexts (Seiler et al. 2008; Yang et al. 2016a; Kagan et al. 2017) , suggesting that the evolution of ALOX genes may be coupled to the emergence of ferroptosis and/or novel functions of lipid peroxidation. PEBP1, also known as RKIP1, interacts with LOXs (particularly isoforms of 15-LOX) to modulate their substrate specificity toward PUFA-PE (Wenzel et al. 2017) . Thus, evolution and regulation of the PEBP1/RKIP1 gene may be related to the specificity of PUFA-PE peroxidation generated during the execution of the ferroptotic program in nonmammalian species as well. Also, lipid peroxides often decompose into reactive electrophiles, such as aldehydes and Michael acceptors, which can further damage other proteins and nucleic acids (Gaschler and Stockwell 2017) . The AKR1C genes ) encode aldoketoreductases that can detoxify these species and may also finetune sensitivity to ferroptosis (MacLeod et al. 2009 ).
As the term ferroptosis implies, iron is critical for execution of ferroptosis, as it is necessary for lipid peroxidation in iron-dependent oxygenases such as LOXs and as free divalent iron to propagate the peroxidation reaction through Fenton chemistry. A recent study indicates that both enzymatic LOX-catalyzed and nonenzymatic irondependent free radical mechanisms can be engaged in ferroptosis (Shah et al. 2018) . As a result, iron metabolism and availability are key contributors to sensitivity to lipid peroxidation and ferroptosis. Relevant genes controlling iron abundance and modulating ferroptosis include transferrin and transferrin receptor, which import iron into cells (Yang and Stockwell 2008; Gao et al. 2015) ; IREB2, a regulator of iron metabolism (Dixon et al. 2012) ; and the machinery for degradation of ferritin, known as ferritinophagy (Mancias et al. 2014; Gao et al. 2016; Hou et al. 2016; Wang et al. 2016) . Ferritin is recognized by NCOA4 (Mancias et al. 2014) , and this gene product also modulates ferroptosis sensitivity in some species.
The mevalonate pathway results in biosynthesis of the lipophilic antioxidant coenzyme Q 10 (CoQ 10 ) (Shimada et al. 2016b ). The compound FIN56 depletes mevalonatederived CoQ 10 by modulating squalene synthase (SQS; encoded by the FDFT1 gene) (Shimada et al. 2016b) ; statin drugs inhibit HMG CoA reductase (HMGCR), also depleting CoQ 10 and inhibiting tRNA isopentenylation via TRIT1, needed for maturation of GPX4 (Fradejas et al. 2013; Shimada et al. 2016b; Viswanathan et al. 2017 ). Ferroptosis sensitivity is also impacted by the NADPH and selenium metabolism pathways (Shimada et al. 2016a; Cardoso et al. 2017) as well as kiss of death (KOD) in Arabidopsis (Distefano et al. 2017) . Orthologs of these genes may modulate ferroptosis sensitivity in numerous species.
Ferroptosis and lipid peroxidation in mammals
Much of what we know today about the in vivo relevance of ferroptosis in mammals comes from in vivo pharmacological studies using the ferroptosis inhibitors liproxstatin-1 and ferrostatin-1 and their analogs in animal models of human diseases or in mice deficient for GPX4 (Fig. 2) . A number of studies of ferroptosis and lipid peroxidation have been performed in human and mouse cell lines and in ex vivo models; human genetic and pharmacological data provide additional insights into the functions and regulation of these processes in humans. Nonetheless, the field of ferroptosis is still in many ways at a nascent stage, and much of the evidence for ferroptosis in various models and species is indirect or circumstantial due in part to the limited number of established biomarkers of ferroptosis. In this review, we summarize both where ferroptosis has been definitively identified and where data are suggestive that ferroptosis could be operative. Many of these systems require additional studies to verify or refute the notion that ferroptosis is a relevant cell death mechanism.
Genetic studies addressing the function of GPX4 in mice Studies performed in the early years of this century provided independent and conclusive evidence that the constitutive deletion of the mouse Gpx4 gene is incompatible with life (Fig. 2) . Mice homozygous null for Gpx4 develop normally until embryonic days 6.5-7.0 (E6.5-E7.0) but thereafter present overall malformations and thus become resorbed at the gastrulation phase (Imai et al. 2003; Yant et al. 2003) . Ttpa −/− mice lacking vitamin E similarly die between E6.5 and E13.5. Likewise, mice expressing a redox-inactive GPX4 mutant with a targeted replacement of the catalytically active selenocysteine (Sec) by serine or alanine, respectively, also fail to develop beyond gastrulation (Brutsch et al. 2015; Ingold et al. 2015) , indicating that a redox-active enzyme is required for normal embryonic development. Figure 2 . Transgenic studies of GPX4 in mice reveal which tissues are, in principle, sensitive to undergoing ferroptosis. A myriad of transgenic studies performed in mice have pinpointed which cells and tissues depend on a functional glutathione/ GPX4 system and thus in general are susceptible to ferroptotic cell death. A number of knockout studies with systemic deletion of the Gpx4 gene showed that loss of GPX4 causes early embryonic lethality around the gastrulation stage (i.e., embryonic day 7.5 [E7.5]). Beyond its requirement in early embryogenesis, several conditional deletion approaches of Gpx4 in different neuronal subpopulations revealed its necessity for a number of different neurons, such as pyramidal cells in the hippocampus, glutamatergic neurons in the cerebral cortex, cerebellar Purkinje cells, and motor neurons. Tamoxifen-inducible whole-body deletion of Gpx4 showed that kidney epithelial tubular cells are the limiting factor for survival of adult mice. Loss of GPX4 in hepatocytes and endothelial cells showed that in some tissues, Gpx4 deficiency can be compensated for by dietary vitamin E supplementation. Additional tissue-specific knockout studies for Gpx4 pinpointed that reticulocytes, certain T cells, photoreceptor cells, and male germ cells do depend on a functional GSH/GPX4 system. For further details, see the text.
However, the molecular underpinnings causing embryonic death of such knockout/mutant embryos still remain obscure. While one study reported an increase of TUNELpositive cells in homozygous knockout embryos (Imai et al. 2003) , others failed to detect changes in the number of dying cells (Yant et al. 2003; Seiler et al. 2008; M Conrad, unpubl.) . BrdU-labeling experiments did not reveal any changes in the proliferation rates between wild-type and knockout embryos (Yant et al. 2003) , and hyperplasia of embryonic structures was noticed in another study (Seiler et al. 2008) . Therefore, perturbed redox-regulated growth factor receptor signaling might lead to abnormal development and patterning of homozygous Gpx4 mutant embryos. In line with this, fibroblasts with inducible Gpx4 disruption showed strong platelet-derived growth factor β receptor-dependent cellular responses mediated by an increased steady-state oxidation and inactivation of counteracting protein tyrosine phosphatases . Perturbation of such redox-dependent signaling cascades may affect early developmental processes during embryogenesis, including patterning and organogenesis.
The essentiality of Gpx4 in mouse development does not necessarily imply that Gpx4 is essential in all cells and tissues in mice. The introduction of conditional knockout mouse models for Gpx4 has helped to pinpoint which cells and tissues require GPX4 enzymatic activity and which are, in principle, sensitive to undergoing ferroptotic cell death (Fig. 2) . Early studies with neuron-specific Gpx4 ablation using CamKIIa-Cre mice revealed that certain neuronal subpopulations, including pyramidal cells of the hippocampus and some inhibitory interneurons, are exceedingly vulnerable to Gpx4 deletion-mediated cell death, which is presumably ferroptosis, although the term had not been introduced at the time (Seiler et al. 2008) . As these mice display ataxia and seizures, the selective loss of parvalbumin (PV)-positive GABAergic interneurons in the hippocampus and somatosensory cortex likely explains the overall phenotype of neuron-specific Gpx4-null mice (Seiler et al. 2008; Wirth et al. 2010) .
In this context, a recent study by the Conrad laboratory (Ingold et al. 2018 ) demonstrated that mice with targeted replacement of the active site Sec by cysteine (GPX4-Cys) are born normally but fail to survive beyond 2-3 wk of age. Histopathological analysis revealed a selective loss of PV + interneurons as the underlying mechanism causing severe spontaneous epileptic seizures of homozygous mutant mice. Hence, it emerged that precisely these specialized interneurons require selenium-containing GPX4 for development and survival, thus representing the limiting factor for murine life.
Ex vivo studies using mouse embryonic fibroblasts with tamoxifen-inducible Gpx4 disruption (now commonly referred to as Pfa1 cells) or cultured cortical neurons from mutant E15.5 embryos provided early evidence that Gpx4 deletion causes a novel form of nonapoptotic cell death coincident with lipid peroxidation that can be fully prevented by the lipophilic antioxidant vitamin E (Seiler et al. 2008) , consistent with the death mechanism being ferroptosis. Meanwhile, a series of additional conditional knockout studies in the brain showed that GPX4 is essential in the cerebellum by preventing Purkinje cell loss and sustaining proper granule cell proliferation (Wirth et al. 2014) . The inducible loss of GPX4 in the forebrain was shown to cause progressive cognitive impairment and increased ferroptosis of pyramidal neurons in the CA1 region of the hippocampus, leading to augmented neuroinflammation (Hambright et al. 2017) . Like cortical and cerebellar neurons, motor neurons, which progressively die in patients suffering from amyotrophic lateral sclerosis (ALS), are equally sensitive to Gpx4 knockout-induced cell death . In this context, it is worth mentioning that patients suffering from ALS or frontotemporal dementia (FTD), a neurodegenerative disease affecting neurons of the frontal or temporal lobes, share many genetic traits (Ling et al. 2013 ).
However, not all neuronal subpopulations are equally sensitive to Gpx4 loss. The selective disruption of Gpx4 in POMC (proopiomelanocortin) neurons or AgRP (agouti-related protein) neurons of the hypothalamus or dopaminergic neurons of the ventral midbrain did not impact the viability of these specialized neurons (Schriever et al. 2017) . This may be due to different redox systems compensating for GPX4 loss; different metabolic constraints, including vitamin E and ubiquinone utilization; different phospholipid metabolism; or different expression of lipid-modulating enzymes, such as ACSL4 or LPCAT3. Photoreceptor cells strongly depend on functional GPX4 (Ueta et al. 2012) , which might be explained by their permanent exposure to photo-oxidative stress as well as high demand for ATP, high metabolic activity, and high rate of reactive oxygen species (ROS) generation. Besides central nervous system (CNS) neurons, motor neurons, and photoreceptor cells, a number of other cells and tissues absolutely require functional GPX4.
Kidney tubular cells are highly dependent on GPX4 for survival, which is the limiting factor for adult mouse survival when GPX4 is disrupted in a 4-hydroxy-tamoxifen (TAM)-inducible manner in adult mice using the ROSA26_CreERT2 deleter mouse (Friedmann Angeli et al. 2014) . While the loss of GPX4 in this model was efficient and detectable in many peripheral tissues (except the brain), massive cell death of kidney-proximal tubule cells caused acute renal failure and death of mice ∼10-12 d after knockout induction. Remarkably, the histopathological phenotype of these mice is highly reminiscent of what is observed during delayed graft function (DGF) upon kidney transplantation in humans. As these cells are metabolically active and have an extremely high demand for ATP, it follows that they are extremely sensitive to ischemia/reperfusion (IR) events as occurring upon kidney transplantation.
In male germ cells, the picture of GPX4 dependence is complex. While the spermatocyte-specific knockout of Gpx4 removes all three isoforms of GPX4 protein (short/ cytosolic, mitochondrial, and nuclear), tissue-specific knockout is associated with oligospermia, increased cell death of germinal cells, and, consequently, male infertility (Ueta et al. 2012) . Isoform-specific loss of the nuclear or mitochondrial isoforms of GPX4 provokes specific defects in sperm development (Conrad et al. 2005; Schneider et al. 2009 ). However, only in the case of the mitochondrial isoform was male infertility detected (Schneider et al. 2009 ), which is not due to an effect on cell survival but GPX4's unique role to act as a thiol peroxidase in sperm cells.
Deletion of Gpx4 in hematopoietic cells in mice using Mx1-Cre mice is associated with mild anemia, compensated for by erythropoietin (EPO)-induced reticulocyte proliferation and extramedullary erythropoiesis in the spleen (Canli et al. 2016) . Curiously, RIPK3 (receptorinteracting serine/threonine kinase 3)-mediated necroptosis, rather than ferroptosis, was found to underlie the mild anemia in these tissue-specific Gpx4 knockout mice.
Increased lipid peroxidation in response to T-cell-specific Gpx4 ablation has adverse effects on T-cell immunity, as the number of peripheral CD8 + T cells as wells as splenic CD4
+ and CD8 + T cells is greatly reduced in T-cell-specific Gpx4 knockout mice (Matsushita et al. 2015) . These effects were even more pronounced when these mice were challenged with viral and parasitic infections, such as lymphocytic choriomeningitis virus (LCMV) and Leishmania major, respectively, causing widespread ferroptosis of T cells. Dietary supplementation with high concentrations of vitamin E (500 mg/kg), a ferroptosis suppressor, was able to restore all of the defects, including viral clearance. A similar relation between dietary vitamin E content and the loss of GPX4 holds true for endothelial cells, hepatocytes, and, as noted above, hematopoietic cells.
Knockout of Gpx4 in the endothelium has no overt effect on the survival of mice (Wortmann et al. 2013) . Only when these mice were kept on a low vitamin E diet was endothelial cell death shown to cause thrombus formation and microinfarcts in multiple organs, such as the kidney and heart, causing premature death of the animals. Conversely, hepatocyte-specific knockout mice (when mothers were kept on the National Institutes of Health-recommended diet with ∼45 IU mg/kg vitamin E) died perinatally due to massive liver necrosis (Carlson et al. 2016) . Feeding mothers with high amounts of vitamin E in the diet allowed hepatocyte-specific knockout mice to survive. These effects are reversible, as the removal of vitamin E again triggers liver necrosis and death of liver-specific knockout mice (Carlson et al. 2016) . Similarly, removing vitamin E from the diet aggravated the anemia observed in hematopoietic-specific Gpx4 knockout mice. Hence, all of these studies call for a careful examination of the diets used in experimental studies addressing ferroptosis in both transgenic animal models and other mouse models using pharmacological approaches with ferroptosis modulators.
In vivo pharmacological analysis of ferroptosis in animal models of disease There are two main classes of potent ferroptosis inhibitors (ferrostatins and liproxstatin-1) that have been evaluated in a number of mouse models of human disease. The combination of 16-86 (a derivative of ferrostatin-1), necrostatin-1, and Sanglifehrin A proved to be highly protective in a mouse model of transient IR injury (IRI) in the kidney . In a similar setting, liproxstatin-1 was reported to ameliorate hepatic damage induced by IR in wild-type mice and delay acute renal failure and associated death by TAM-inducible GPX4 disruption in adult mice (Friedmann Angeli et al. 2014) .
In the CNS, liproxstatin ameliorated neuronal loss and associated astrogliosis in mice lacking Gpx4 in the forebrain (Hambright et al. 2017) . When tested in mouse models of intracerebral hemorrhage (ICH), intracerebroventricular administration of either ferrostatin or liproxstatin was able to reduce the number of degenerating neurons, thereby improving neurologic deficit as an outcome . Both compounds, when applied intranasally, also strongly reduced the extent of transient middle cerebral artery occlusion (MCAO)-induced focal cerebral IRI, a model widely used to mimic stroke (Tuo et al. 2017) . Hence, it emerged that IRI events and neurodegenerative diseases may benefit from anti-ferroptotic strategies, although CNS penetration needs to be assessed for such compounds in each model. Ferroptosis inhibitors have also been shown to be highly protective in organoid/ex vivo models, including slice cultures of the rat brain, isolated hearts, and a great number of human and murine cell lines undergoing ferroptosis, further highlighting the potential of ferroptosis inhibitors for the treatment of degenerative diseases . However, these studies need to be taken with care and should be validated in animal models of disease. This is due to the fact that the redox environment in tissue culture conditions and plasma and other extracellular fluids in whole organisms varies greatly (Leist et al. 1996) . This is best illustrated by the fact that mice genetically lacking a substrate-specific subunit of system X c − , xCT (Slc7a11), are fully viable (Sato et al. 2005 ), while most cell lines derived therefrom die within 1 d in culture (Conrad and Sato 2012) . The underlying reason is that the bulk of cysteine in the culture medium is not present in its reduced but oxidized form (i.e., cystine), which can be taken up in cell culture only by system X c − . In stark contrast, in xCT-null mice, there is still a considerable amount of reduced cysteine present in extracellular fluids, which can be easily taken up by cells by the so-called neutral amino transporter ACST, thereby bypassing the need for xCT in vivo. However, some tumors appear to become addicted to xCT, as evidenced by their sensitivity to xCT inhibitors in vivo (Ishimoto et al. 2011; Cramer et al. 2017) .
Circumstantial evidence for ferroptosis in humans
Several lines of evidence suggest that some human tissues may be sensitive to ferroptosis. The Food and Drug Administration (FDA)-approved multikinase inhibitor sorafenib was reported to inhibit system X c − and induce ferroptosis along with a nonferroptotic cell death in cell culture models (Louandre et al. 2013; Dixon et al. 2014; Lachaier et al. 2014) . Analysis of adverse events associated with sorafenib in patients revealed that compared with other multitargeted kinase inhibitors with similar target kinase profiles that do not inhibit system X c − or induce ferroptosis, sorafenib induces a unique and larger profile of adverse events, suggesting that it exerts an additional activity in patients, consistent with its unique ability to inhibit system X c − ). Statin drugs have been reported to sensitize cells in culture to ferroptosis and induce ferroptosis in some cell lines (Shimada et al. 2016b; Viswanathan et al. 2017) . Patients treated with statins have lower tumor incidence, suggesting that statins may exert a tumor-suppressive effect in patients through driving ferroptosis in nascent tumor cells (Mullen et al. 2016) ; of course, statins have diverse effects downstream from HMGCR inhibition, so additional studies are needed to examine whether ferroptosis is a clinically meaningful effect of statins.
Acetaminophen is widely used to treat pain and fever in humans. Acetaminophen is metabolized to N-acetylp-benzoquinone imine (NAPQI), which reacts with glutathione and can trigger glutathione depletion and ferroptosis in primary mouse hepatocytes (Lorincz et al. 2015) . The liver failure seen in patients who overdose on acetaminophen may thus be exacerbated by liver ferroptosis and perhaps could be prevented by ferroptosis inhibitors. However, in vivo studies are needed to extend this hypothesis from the limited cell culture experiments that have been consistent with this idea.
In a recent report, high-resolution large area confocal immunofluorescence microscopy demonstrated the colocalization of 15-LOX-1 with PEBP1 in fresh human airway epithelial cells obtained by bronchoscopic brushing of patients with controlled nonexacerbating asthma (Wenzel et al. 2017) . Notably, a strong correlation (r 2 = 0.98) was established between the number of colocalized PEBP1/15LO1 puncta in the freshly brushed airway epithelial cells and the fractional exhaled nitric oxide (FeNO), a marker of T2 inflammation. This suggests that PEBP1/15-LOX-1-dependent peroxidation of AA-PE is important in T2 airway inflammation associated with asthma. Furthermore, PUFA-PE oxidation products characteristic of ferroptosis were detected in cell pellets from urine samples obtained from patients enrolled in the Biologic Markers of Recovery for the Kidney (BioMaRK) study at the time of initiation of dialysis (Wenzel et al. 2017) . The levels of these PE oxidation products were increased in patients with acute kidney injury who did not recover renal function (defined as persistent dialysis requirement) versus patients who recovered renal function regardless of the etiology of AKI (sepsis or not).
Some humans have mutations in GPX4 that are associated with the Sedaghatian type of spondylometaphyseal dysplasia (Smith et al. 2014) , which is a lethal disorder characterized by short stature, limb shortening, pulmonary hemorrhage, delayed cartilage formation, and early death. While the pathological consequences of these mutations are not known, they may cause induction of ferroptosis in such patients due to diminished GPX4 activity.
Rare mutations in SBP2 reduce the efficiency of selenium uptake and utilization (Schoenmakers et al. 2010 ). Since GPX4 is a selenoprotein, SBP2 mutations would be expected to impair GPX4 function; indeed, fibroblasts from such patients are reported to exhibit elevated lipid peroxidation (Schoenmakers et al. 2010) . While ferroptosis per se has not been observed in these individuals, some of the pathologies of SBP2 deficiency may be caused by ferroptosis.
Lipid peroxidation and cell death in nonmammalian vertebrates
Egg-laying vertebrates are classified as nonmammalian, where the egg serves as a specialized system for the propagation of the animal. Embryonic growth is completely contained within this semiclosed system that provides nutrients that are maternally derived and enclosed in the egg upon its laying. Lecithotrophs, such as zebrafish, chicken, and other egg-originating organisms, rely on fatty acid reservoirs and endogenous antioxidant buffers for embryo viability (Parolini et al. 2017 ). Sequestration of nutrients by the growing embryo is tightly regulated for properly timed metabolic functions (Dutta and Sinha 2017) . Additionally, egg-laying species have increased embryonic metabolic rates concomitant with increased oxidative stress, suggesting greater propensity for critical fatty acid species peroxidation (Deeming and Pike 2013) .
Inside the egg yolk, long chain PUFAs, essential to neurodevelopment, are readily available but inherently susceptible to heightened oxidative damage. Specifically, docosahexaenoic acid (DHA) and ARA account for the largest concentration of fatty acids in the developing vertebrate brain but also contain multiple bis-allylic carbons prone to peroxyl radical formation. Oxidized phospholipid ARA is proinflammatory and associated with eicosanoid signaling in zebrafish injury models (Enyedi et al. 2016) .
A basic difference between oviparous species and mammals is that the egg barrier regulates diffusion of gases across avian calcified shells and aquatic chorions (Seymour and Wagner-Amos 2008; Pelka et al. 2017) . Oxygen diffuses across the poultry shell membrane at rates proportional to partial pressure between the egg and environment, depending on the number and size of pores and the shell composition (Wagner-Amos and Seymour 2002). Birds and reptiles are adapted for terrestrial growth, with the allantois and amniotic membranes that provide additional gas exchange protection. Egg shell traits are specific to habitat, demonstrated by the high-altitude gray gull (Larus modestus), which trades oxygen diffusion and hypoxic potential for enhanced water conservation (Monge et al. 2000) . Similarly, localized shell permeability is associated with altered yolk sac development and vascularization in gekkotan lizards (Andrews et al. 2013) . Thus, in ovo development requires ample metabolic and morphological adaptations to prevent ROS-induced cell damage (Taylor et al. 2004; Ibrahim et al. 2007; Smith et al. 2014 ).
Protective anti-ferroptotic adaptations in the egg
Eggs are enriched in nutritionally derived and maternally allocated lipophilic antioxidants to protect against the rise of peroxyl radicals and lipid hydroperoxide generation (Kim et al. 2013; Giraudeau and Ducatez 2016) . Although antioxidant concentrations depend on diet, eggs contain an easily manipulated range of fat-soluble antioxidants that effectively scavenge hydroxyl and peroxyl radicals. Chicken mothers furnish their eggs with α-tocopherol, a lipophilic chain-breaking antioxidant and nature's lipidsoluble radical-trapping antioxidant (Surai et al. 1999; Surai 2000) ; selenium, a key component of antioxidant selenoproteins such as GPX4 (Tapiero et al. 2003) ; and numerous protein hydrolysates that confer enhanced antioxidant activity compared with intact proteins (Davalos et al. 2004; Xu et al. 2007; Liu et al. 2014) . Uptake of these nutrients during embryonic development is also critically important. For example, α-tocopherol transfer protein (TTP) expression determines α-tocopherol bioavailability in the zebrafish embryo CNS .
ROS generated during embryogenesis signal cellular proliferation and tissue differentiation; however, imbalanced production of these species by endogenous metals and lack of antioxidants may lead to a risk of developmental abnormalities and cell death. During zebrafish embryogenesis, vitamin E-deficient embryos experience increased lipid peroxidation (McDougall et al. 2016 (McDougall et al. , 2017 ) and a lethal dysregulation of energy metabolism (e.g., an antiWarburg effect) (Maldonado 2017; McDougall et al. 2017 ). These vitamin E-depleted embryos display a mitochondrial metabolic reprogramming that shunts glucose to the pentose phosphate pathway for NADPH production, ultimately increasing nonaerobic glycolysis, depleting glucose, and increasing morphological malformations (McDougall et al. 2017 ). Thus, a metabolic switch occurs between 24 and 48 h post-fertilization (hpf), with the deficient embryo switching from high to low oxygen consumption with concomitant decreases in glutathione and NADPH (McDougall et al. 2017 ). Furthermore, vitamin E insufficiency-linked dysmetabolism is associated with both lipid peroxidation and secondary glucose deficiency, as evidenced by partial neurological rescue with glucose injections (McDougall et al. 2017) . Thus, vitamin E is essential for zebrafish development, although this has not been attributed to ferroptosis.
Early exposure to excess toxins when the zebrafish embryonic chorion is just forming may have a significant impact on long-term neurological development in vertebrates (Gellert and Heinrichsdorff 2001) . Some oviparous species predispose their young to excretion of metals in both the egg shell and contents (Burger 1994; Skrivan et al. 2005) . Metal-initiated oxidative stress in the developing animal disrupts long chain PUFA synthesis (Monroig et al. 2009 ), negatively affects mitochondrial genome stability (Guérin et al. 2001) , and down-regulates transsulfuration and remethylation pathways (Dalto and Matte 2017) . Additionally, iron accumulation in avian reproductive organs decreases egg production . Such iron accumulation would likely sensitize these embryos to ferroptosis triggers.
The egg is defended from iron-related oxidative insults with the added protection of the antioxidant enzymes ovalbumin and ovotransferrin (Nimalaratne and Wu 2015; Oladipo and Ibukun 2017) . Ovalbumin contains free thiol groups that allow it to act synergistically with other thiolcontaining enzymes as redox buffers and radical quenchers (Goto and Shibazaki 1971; Sun et al. 2006) . Ovotransferrin, as the name implies, displays metal ion binding with a preference toward iron and is a major egg white protein, protecting the developing embryo with superoxide dismutase-like activity (Ibrahim et al. 2007 ). Crocodilian ovotransferrin has more iron-binding sites compared with that of birds and fish, which may be a selective consequence of laying eggs in iron-rich soils (Chaipayang et al. 2017) . Perhaps this indicates a danger of ferroptosis in the developing crocodile embryo.
Other egg-related antioxidant enzymes include lysozyme, nitric oxide inhibitor cystatin, and metal-binding phosvitin (Ishikawa et al. 2004; Nimalaratne and Wu 2015) . Oviparous fish similarly deposit vitellogenin and phosvitin, major yolk proteins that scavenge free radicals attributable to phosphoserine protein structure and ironchelating capacity (Hu et al. 2015) . Redox homeostasis critically hinges on GPXs and glutathione de novo synthesis, demonstrated by localization of the enzymes in the yolk and increasing expression in critical tissues such as the brain, liver, and kidney during development (Glisic et al. 2015; Mendieta-Serrano et al. 2015) . Thus, the egg is protected by a wealth of antioxidants and iron regulatory mechanisms to reduce the harmful effects of oxidative stress in embryogenesis, some of which may involve ferroptosis and lipid peroxidation.
Mitochondria in the zebrafish egg and developing embryo
During zebrafish oogenesis, mitochondria disperse in specific patterns in the yolk, possibly as a marker of oocyte quality and metabolic function (Zhang et al. 2008 ). In the first 24 hpf, deficiencies in vitamin E are associated with dysregulated mitochondrial oxidative phosphorylation and TCA cycle metabolites (McDougall et al. 2017) . In zebrafish development and aging, mitochondrial metabolism is critical in maintaining cellular redox balance and preventing ferroptosis (Osellame et al. 2012) , as metabolic reprogramming to counter ROS increases glucose catabolism and cellular acidification (Lamonte et al. 2013) . The cellular environment reacts in a feed-forward manner to decrease pH, increase ferric iron solubility, and amplify cellular lipid peroxidation (Schafer and Buettner 2000) . Disturbed mitochondrial membrane permeability and electron transport chain (ETC) integrity damaged by oxidants are also detrimental to zebrafish (Cambier et al. 2009 (Cambier et al. , 2012 Kim et al. 2013; Ren et al. 2016) . ETC iron-sulfur cluster protein synthesis appears necessary to prevent redox-related dysfunction in zebrafish steroidogenesis (Ewen et al. 2011; Griffin et al. 2016) . While the function of mitochondria in ferroptosis in mammals is ambiguous, the critical function of mitochondria and lipid peroxidation in developing zebrafish suggests a possible link in fish.
Glutathione and glutathione-dependent peroxidases
Ferroptosis is prevented by adequate glutathione, GPX4, and NADPH (Maiorino et al. 2017 ). As noted above, the selenium-containing enzyme GPX4 (Brigelius-Flohe and Maiorino 2013) acts by reducing lipid hydroperoxides (Yang et al. 2014 ). Lack of protection from lipid peroxidation, such as in selenium deficiency, causes exudative diathesis in broiler birds (Cao et al. 2017 ). Depletion of GPX4 may be the cause of this selenium deficiency disease (Yao et al. 2014) .
GPX4 activity in the brain has been used as a marker for ferroptosis and neurodegeneration : Increased lipid ROS and cell death in zebrafish gills upon cold shock were abrogated by the antioxidant cascade of Cu/Zn superoxide dismutase (SOD), catalase (CAT), and GPX activity . Selenium deficiency and the resultant loss of selenoprotein activities correlate with increased oxidative stress, metal ion imbalance (Yao et al. 2017) , and cell death (Peng et al. 2012 ) in production poultry. Reduced glutathione utilization and GPX activity in selenium-deficient broiler brains disrupts mitochondrial membrane integrity, shifting calcium balance, a marker of neurodegeneration (Xu et al. 2013) . Inhibition of these thiol-containing molecules induces histological damage and the lipid peroxidation marker malondialdehyde (MDA) in zebrafish gonads . Thiol-containing antioxidant protein production is important in maintaining cellular redox balance and lipid health from embryo to adult but may not be sufficient (Glisic et al. 2015) . Nuclear factor erythroid 2-related factor (Nrf2) signaling up-regulates cellular antioxidant capacity through glutathione-related gene expression but was unable to mitigate the oxidative stress associated with transportation or heat stress in brains from production poultry (Chowdhury et al. 2014; Ge et al. 2017) . Maternal vitamin E supplementation in vertebrates prevents GPX4 knockdown-induced lethality in offspring (Carlson et al. 2016) , similar to the situation in mammals.
Choline depletion is a significant secondary effect of lipid peroxidation in vitamin E-deficient zebrafish embryos (McDougall et al. 2016 (McDougall et al. , 2017 ; choline is depleted at all time points between 24 and 120 hpf (McDougall et al. 2016 (McDougall et al. , 2017 when vitamin E is lacking in zebrafish embryos. Choline is essential for one-carbon metabolism (Zeisel 2013 ); e.g., transfer of one-carbon units through folate intermediates for use in purine and thymidylate synthesis, NADP + /NADPH production, and other methylation reactions (e.g., epigenetic regulation by DNA methylation) (Zeisel 2017) .
Choline is converted into betaine to provide one-carbon units for remethylation of homocysteine to methionine (Yang et al. 2016a) . Dietary choline restriction compromises energy status and causes a rapid onset of oxidative stress in the liver (Hensley et al. 2000) . This can result in depletion of NADPH as a side effect of choline restriction. Ultimately, inadequate antioxidant protection causes lipid peroxide-induced cellular damage, including vitamin E depletion connected with early-onset encephalomalacia in young chickens (Lin et al. 2005) and zebrafish embryos or adults fed vitamin E-deficient diets (Lebold et al. 2013; Choi et al. 2015) . Fish raised with deficiencies in vitamin E (McDougall et al. 2017 ) also develop abnormally, demonstrating the necessity of peroxyl and hydroxyl radical scavengers for cell and organismal health.
Role of iron and metals in cellular damage to vertebrates
Cellular iron is essential for life. Excess catalytic loosely chelated Fe(II) can be cytotoxic (Ito et al. 2016 ). To prevent iron-associated damage, cytosolic and mitochondrial ferritin protein chelate iron in the hypothalamic-pituitarygonadal (HPG) axis of laying geese, contributing to avian reproductive success (Kang et al. 2015) . Ferritin in rayfinned fish is equally important in defending against catalytic iron-induced damage, as observed in the big belly seahorse (Furlong et al. 2000) , yellow snapper (ReyesBecerril et al. 2014) , and channel catfish .
Phosvitin inhibits ferric iron-catalyzed phospholipid oxidation with impressive chelating potential, binding more iron than ferritin in avian eggs (Lu and Baker 1986; Ishikawa et al. 2004) . Metallothioneins also protect susceptible tissue from metal-induced oxidative damage in the gills of zebrafish . Iron not sequestered by binding proteins or chaperoned out of the cell by ferroportin can propagate chain reactions of lipid peroxidation through Fenton chemistry. Gulls demonstrate the ability to suppress ferroptosis by up-regulating iron storage and transfer proteins (ferroportin and transferrin) and increasing glutathione recovery (Jenko et al. 2012) .
Iron-containing nanoparticles used to initiate the Fenton reaction induce genotoxic stress in zebrafish endocrine tissue (Ahmad et al. 2016 ) and guppy erythrocytes (Qualhato et al. 2017) . Defects in ferroportin expression, which limit extracellular iron release, cause iron storage disease and promote lipid peroxidation in avian liver, heart, and spleen (Cork 2000; Pavone et al. 2014 ). Iron-dependent cell damage is also observed in Japanese quail (coturnix japonica), where extracranial arterial atherosclerotic injury with increased levels of both catalytic iron and heme oxygenase-1 (HO-1) activity positively correlates with oxidized lipids and lipoprotein accumulation (Hoekstra and Velleman 2008) .
Mitochondria are increasingly viewed as important for iron regulation because of their role in iron sequestration, especially in tissue with high metabolic activity and risk of Fenton chemistry (Santambrogio et al. 2007 ). The avian liver, a primary hub of lipid metabolism and metal detoxification, demonstrates an intrinsic susceptibility to irondependent cell death (Cork 2000; Schafer and Buettner 2000) , which may involve ferroptosis. Even normal levels of redox-active metals can have negative consequences on antioxidant function during hypoxia, leading to mitochondrial dysfunction and cell death (Braga et al. 2016) . Altered antioxidant and iron storage predispose the cell and organelles to insults from oxidative stress catalyzed by ferric iron, some of which may involve ferroptosis.
Possibilities for ferroptosis in nonmammalian vertebrates
Like humans, zebrafish cannot synthesize ascorbic acid and require this dietary vitamin in the form of adequate Lipid peroxidation and ferroptosis intake of vitamin C (Kirkwood et al. 2012) . Zebrafish share with humans the ability to elongate PUFAs from essential fatty acids (e.g., linoleic [18:2] and linolenic [18:3] acids) and have the same major pathways for lipid synthesis, trafficking, and metabolism (Babin and Vernier 1989; Holtta-Vuori et al. 2010) . Zebrafish mothers synthesize long chain PUFAs and determine the egg PUFA composition, with eggs enriched in DHA and ascorbic acid. Thus, zebrafish embryos are useful for studies of the role of lipid peroxidation. Aberrant lipid peroxidation has been described as detrimental to successful poultry husbandry through reduced fertility (Rui et al. 2017) , chick hatchability (Surai et al. 1999) , and microsomal and mitochondrial health (Gutierrez et al. 2002 (Gutierrez et al. , 2004 . Chickens are a clear example where selenium deficiency causes muscular dystrophy associated with lipid peroxidation, suggesting a role for ferroptosis (Yao et al. 2014) .
Nonmammalian vertebrates exhibit iron-mediated lipid peroxidation in all stages of life, although the extent to which ferroptosis per se is involved remains unknown in most cases. These animals also serve as critical components of our natural ecosystems and agricultural systems and are valuable as model organisms in a number of biomedical fields. With pathologies related to dysregulated iron homeostasis, lipid peroxidation, and depletion of major antioxidant networks, nonmammalian vertebrates will likely continue to serve as valuable systems for the study of ferroptotic cell death.
Ferroptosis-like cell death in plants
Regulated cell death is an integral part of the plant life cycle and plays a critical role during vegetative and reproductive development. Essential developmental programs such as megasporogenesis, pollen development, fertilization, embryogenesis, xylem element development, and leaf shape regulation rely on specific cell death events (Gunawardena et al. 2004; Drews and Koltunow 2011; Bollhoner et al. 2012; Choi 2013; Xie et al. 2014) . Regulated cell death is also crucial for plant-specific responses to external stimuli: Diverse environmental stresses such as salt stress, drought, and nutrient starvation can induce cell death in plants (Huh et al. 2002; Liu et al. 2009; Duan et al. 2010 ). In addition, the hypersensitive response (HR), a localized type of cell death, is triggered at the site of the attack during incompatible plant-pathogen interactions.
Plant cells use specific cell death pathways that are intimately related to plant structures. For instance, plant cells do not undergo apoptosis, as measured using classic morphological features observed in animal cells. The rigid plant cell wall also prevents plant cells from breaking into apoptotic bodies, and even when protoplasts are known to shrink in response to diverse abiotic stresses, they do not further fragment into discrete bodies. A large vacuolar system occupies most of the plant cell volume (Marty 1999) ; these large vacuoles have important functions during a plant-specific type of cell death (termed vacuolar cell death) that involves a gradual decrease in the cytoplasm volume and formation of small lytic vacuoles (Jones 2001) .
Several Arabidopsis autophagy (ATG) genes have been implicated in plant vacuolar cell death and were first identified based on sequence similarity to yeast autophagy genes (Xie and Klionsky 2007) . Mitochondria and other plant organelles remain intact until the final stages of vacuolar cell death, which involves tonoplast rupture, disassembly of the nuclear envelope, and nuclear segmentation (van Doorn et al. 2011) . Vacuolar cell death is also associated with several developmental pathways, including aerenchyma formation, leaf remodeling, and xylem differentiation (Drew et al. 2000; Gunawardena et al. 2004; Courtois-Moreau et al. 2009 ), and has also been linked to plant responses to multiple environmental stress conditions and leaf senescence (Liu et al. 2009; Kariya et al. 2013) .
Although plant cell death can be triggered by several insults and during developmental programs, accumulation of ROS is a common feature of many plant pathways (Van Breusegem and Dat 2006; Doyle et al. 2010; Xie et al. 2014) . It was reported more than a decade ago that ascorbic acid and glutathione depletion are linked to ROS accumulation and cell death during HR and senescence (Senda and Ogawa 2004; Pavet et al. 2005; Noctor et al. 2012) , although the significance of this association was not known.
As noted above, ferroptosis is defined as a form of cell death that is accompanied by lipid peroxidation and can be suppressed by iron chelators and lipophilic antioxidants . Ferroptosis can also be prevented in mammalian cells by inhibitors of lipid peroxidation or depletion of PUFA phospholipids via genetic inactivation of ACSL4 or LPCAT3. While NADPH oxidase (NOX) and LOXs act as positive regulators of ferroptosis, GPX4 functions as a negative regulator (Dixon et al. 2012; Yang et al. 2014; Yang et al. 2016a ). LOX-dependent lipid peroxidation is associated with cell death in plants during the HR (Montillet et al. 2005; Zoeller et al. 2012) . While the occurrence of an oxidative burst, antioxidant depletion, and LOX activation is a hallmark of ferroptosis, it was not until quite recently that these events were linked to a ferroptosis-like form of cell death in plants ( Fig. 3 ; Distefano et al. 2017) .
Exposure of Arabidopsis thaliana root hairs to 55°C heat shock triggers a cell death process that can be prevented by the iron chelator ciclopirox (CPX) or the lipophilic antioxidant ferrostatin-1 (Distefano et al. 2017 ). These inhibitors have no effect on root hair cell death in response to salt stress, higher temperatures that induce necrosis, or hydrogen peroxide or on programmed cell death related to vascular or reproductive development, suggesting that 55°C heat shock induces a specific ferroptotic-like cell death in plants. Notably, many of the morphological hallmarks that characterize ferroptosis in animal cells are conserved in plants exposed to heat stress. Dying cells showed a retracted cytoplasm, probably due to vacuolar disruption; normal nuclei; and shrunken mitochondria (Fig. 3) .
Heat shock (55°C) results in glutathione and ascorbic acid depletion and intracellular ROS accumulation through increased NOX activity and lipid peroxidation. While ROS accumulation can be prevented by pretreating Arabidopsis roots with ferroptosis inhibitors, such inhibitors cannot prevent depletion of glutathione and ascorbic acid antioxidants after heat shock, suggesting that glutathione and ascorbic acid depletion are early events in the cell death that follows heat shock and not downstream consequences of lipid peroxidation. A similar scenario has been observed in mammalian cell ferroptosis. Depletion of glutathione might occur in plants as a consequence of an overwhelming accumulation of unfolded proteins in the endoplasmic reticulum after heat shock, along with inactivation of glutathione biosynthesis (Ozgur et al. 2014; Yang et al. 2016b) . As a consequence of glutathione depletion, ascorbic acid cannot be recycled in affected cells, which also might explain the low levels of reduced ascorbic acid detected in Arabidopsis roots exposed to heat shock (Foyer and Noctor 2011; Distefano et al. 2017) .
Heat-shock (55°C)-induced cell death in Arabidopsis requires peroxidation of PUFAs (Distefano et al. 2017) , as has been observed in human cancer cells . Pretreatment of cells with PUFAs containing the heavy hydrogen isotope deuterium at bis-allylic carbons (D-PUFAs) greatly inhibits PUFA oxidation and prevents ferroptotic cell death in both human cancer cells exposed to erastin or RSL3 and Arabidopsis root hairs exposed to a 55°C heat shock (Distefano et al. 2017 ). As noted above, oxidation of membrane PUFA phospholipids can be driven by nonenzymatic Fenton chemistry or LOX enzymes Yang et al. 2016a) . LOX-mediated PUFA oxidation is required for cell death under glutathione depletion conditions in human cancer cells (Yang et al. 2016a) .
LOX activity is associated with cell death in plant systems. The Arabidopsis genome encodes four lipoxgenases that are annotated as LOX1, LOX2, LOX3, and LOX5, while the proteins encoded by two additional loci are annotated as LOX family proteins and named LOX4 and LOX6 (Umate 2011) . LOX activation has been frequently associated with cell death in Arabidopsis plants undergoing HR an senescence and in response to H 2 O 2 (Maccarrone et al. 2001; Liu and Han 2010; Zoeller et al. 2012) .
Blocking the activity of LOXs in lentil root protoplasts with monoclonal antibodies prevents root protoplast cell death induced by H 2 O 2 (MacCarrone et al. 2000) . Silencing of LOX genes attenuated programmed cell death associated with infection with Potato virus X-Y (PVX-PVY) and Tomato spotted wilt virus (TSWV) in Nicotiana benthamiana (Garcia-Marcos et al. 2013) , and LOX overexpression in Arabidopsis plants conferred enhanced HRinduced cell death (Hwang and Hwang 2010) . Together, these reports suggest that ferroptotic cell death might be involved in other scenarios in plants besides heat-shockinduced cell death. In particular, HR-induced cell death appears to have many overlapping features with ferroptosis as it was defined in mammalian cells. For example, high-affinity iron uptake mechanisms such as siderophore-mediated iron acquisition are known to be essential for the virulence of fungi and bacteria (Greenshields et al. 2007; Dellagi et al. 2009 ). Thus, iron-sequestering mechanisms that prevent cell death in the host may have conferred a selective advantage on plant pathogens during evolution, as it would allow them to overcome a barrier for infection; namely, ferroptosis during HR.
The Arabidopsis genome encodes eight GPX enzymes (AtGPX1 to AtGPX8) that have different subcellular localizations, suggesting that GPX activities might respond specifically in particular cell compartments after stress. AtGPX8, which localizes to the cytosol and nucleus, plays a role in modulating cell survival in Arabidopsis roots exposed to paraquat and in plants under light stress (Gaber et al. 2012) . In addition, expression of a tomato phospholipid-like GPX-encoding gene (LePHGPX) inhibits cell death induced by salt and heat stress in tobacco (Nicotiana tabacum) plants (Chen et al. 2004) . Although more research is needed to assess the role of plant GPXs in cell death regulation, it is likely that glutathione depletion in plants inactivates GPXs, as occurs in mammalian cells, leading to an overwhelming accumulation of lipid peroxides and cell death.
In conclusion, a ferroptosis-like cell death process has been described in plants during heat shock, and other events appear to trigger a similar pathway in diverse plant species. In particular, HR-related cell death upon infection exhibits biochemical and morphological similarities to ferroptosis. Still, additional components of the plant pathways involved in ferroptosis remain to be identified. Even with many characteristics conserved between plant and animal cells, lipid peroxidation mechanisms, targets, and regulatory networks are still not established in plants and are key subjects of future studies.
Bacteria, archaea, and fungi
Enzymatic iron-dependent catalysis of the oxygenation of polyunsaturated phospholipids and regulation of this process by thiols under the control of nonheme peroxidases represent a core lipid metabolic pathway underlying physiologically important signaling by many lipid mediators (Ji et al. 2011; Maulucci et al. 2016 ). These same pathways have now been associated with ferroptotic cell death in animals and plants (Magtanong et al. 2016; Gaschler and Stockwell 2017) . The parallels between these metabolic processes indicate that they may have common ancestry and raise the question of the driving selective pressure that sustained these death-inducing mechanisms throughout evolution. One approach to understand the ancient role of cell death driven by lipid peroxidation is to consider the role of ferroptotic cell death in evolutionarily distant species. However, we are not aware of studies on the biological role or occurrence of ferroptosis in bacteria or archaea, thus prompting us to perform an indirect analysis of the potential role of this cell death program in these distantly related organisms.
Iron and thiols are universal and necessary components of life (Toyokuni 2014; Berndt and Lillig 2017; Sanchez et al. 2017) . While phospholipids are components of all cell membranes, polyunsaturation is not an absolute requirement in all species, and archaea, bacteria, and fungi frequently contain poorly oxidizable saturated or monounsaturated lipid molecules (Suutari and Laakso 1994; Siliakus et al. 2017) . The fundamental differences in membrane lipids between archaeal, bacterial, and eukaryotic cells are probably the main reasons for the different susceptibilities of archaeal and bacterial strains versus eukaryotic cells to ferroptosis. The so-called "lipid divide" is based on the representation of "archaetidic acid" lipids in archaea versus "phosphatidic acid" lipids in bacteria and eukarya. Archaetidic acid (also known as di-O-geranylgeranyl-glyceryl phosphate) contains two saturated methyl-branched isoprenoids connected by ether bonds to the sn-2 and sn-3 position of glycerol-1 phosphate. In addition, tetraether (glycerol-dialkyl-glycerol-tetraether) lipids are characteristic of archaea. In contrast, phosphatidic acid is composed of two fatty acid hydrocarbon chains esterified to the sn-1 and sn-2 positions of glycerol-3 phosphate.
These specific features of core lipids are essential for membrane adaptation, permeability, and fluidity, realized via changes in lipid composition that enable a species to thrive in challenging biotopes. In archaea, this is achieved mainly through alterations of monounsaturated diethers, isoprenoid hydroxylation, and the tetraether:diether ratio. In bacteria, distinct targets of lipid-based adaptation include mainly variable contents of monounsaturated, short chain, and branched chain fatty acids (Suutari and Laakso 1994; Siliakus et al. 2017; Varnava et al. 2017) . These saturated and monounsaturated lipids, common for many species of archaea in different habitats, including microbiomes in animals and humans, are not readily oxidized at moderate temperatures ("normal" for higher organisms), whereas lipids in thermophilic archaea organisms may get oxidized at "normal" (for them) temperatures up to 122°C (Takai et al. 2000; Quince et al. 2017 ). Thus, ferroptosis in thermophilic organisms may not require PUFAs.
Both nonenzymatic lipid peroxidation and enzymatic dioxygenase oxidation by LOXs have been considered as generators of proferroptotic signals Tyurina et al. 2017b) . While random free radical reactions are known to propagate dependent on the number of readily abstractable bis-allylic hydrogens in PUFA lipids (Gardner 1989 ) and generate myriad diversified products (Salomon 2012) , tightly controlled enzymatic LOX-catalyzed reactions generate specific products (Newcomer and Brash 2015) . Recent work identified hydroperoxy-arachidonoyl-PE and hydroperoxy-adrenoyl-PE as the major proferroptotic lipid peroxidation signals Kagan et al. 2017) formed by the LOX/PEBP1 complex (Wenzel et al. 2017) . Notably, LOX-like sequences have been identified in bacteria, archaea, and eukarya (Horn et al. 2015) . Close to 60 LOX-like sequences were discovered in studies of 13,000 bacterial genomes (Horn et al. 2015) . However, the presence of catalytically active LOXs in archaea is still controversial due to the lack of functional data and the lack of oxidizable lipids (Ivanov et al. 2010) .
The majority of bacterial membranes contains saturated or monounsaturated lipids (Strahl and Errington 2017) . However, some free-living bacteria isolated from cold ocean depths, many of them members of the Shewanella genus, produce PUFAs, including eicosapentaenoic acid (EPA; 20:5n-3) and DHA (22:6n-3) (Dailey et al. 2015) . These PUFA-based phospholipids are readily oxidizable and can represent substrates for the formation of proferroptotic signals. Moreover, even bacteria that normally do not synthesize PUFA lipids can acquire them from environmental sources and assimilate them into their membranes. For example, pathogenic Vibrio species (Vibrio cholerae, Vibrio parahaemolyticus, and Vibrio vulnificus) possess the machinery for the accumulation of PUFA and integration into membrane phospholipids (Moravec et al. 2017) . Lipid unsaturation affects membrane permeability, motility, and biofilm formation and changes sensitivity to cell death by anti-microbial peptides. Such effects could presumably result in the triggering of ferroptosis in bacteria.
Some pathogenic bacteria express dioxygenases that are specialized for oxygenation of PUFA lipids in spite of the fact that these cells do not contain these oxidizable substrates. For example, strains of Pseudomonas aeruginosa express a LOX, pLoxA (Vance et al. 2004; Banthiya et al. 2016; Kalms et al. 2017) , with substrate specificity and products very similar to that of mammalian 15-LOX, which is known to generate proferroptotic peroxy-adrenoyl-PE and peroxy-arachidonoyl-PE species. The bacterial enzyme can oxidize membrane phospholipids and cause the death of target mammalian cells (e.g., erythrocytes and A549 cells) (Aldrovandi et al. 2018) . However, the ferroptotic nature of this death has not been confirmed.
Similarly, yeast cells, which normally do not synthesize PUFAs, can accumulate them from the environment and integrate them into membrane phospholipids (Tyurina et al. 2017a) . Cell death has been documented in several CoQ-deficient Saccharomyces cerevisiae (coq) mutants and wild-type yeast cells supplemented with PUFA and subjected to oxidative stress (Hill et al. 2012 ).
As described previously, reduction of ferroptotic hydroperoxy-arachidonoyl-PE and hydroperoxy-adrenoyl-PE in a glutathione-dependent reaction is a function of GPX4 (Ursini et al. 1982) . A search for phospholipid hydroperoxide GPXs similar to GPX4 in archaea and bacteria did not reveal such an enzyme in these species. While bacteria do not appear to contain this enzyme, they do secrete factors that affect GPX4 expression and activity in mammalian (host) cells, as has been shown for Salmonella typhimurium (Agbor et al. 2014) . SipA, an effector secreted from S. typhimurium, was shown to be responsible for a decrease in intestinal epithelial GPX4 levels and activity (Agbor et al. 2014) . Notably S. typhimurium can cause non-caspase-dependent intestinal epithelial cell death (Schauser et al. 2005) ; the role of ferroptosis has not been explored yet in this context. In contrast, yeast cells do have hydroperoxy-phospholipid peroxidase activity (Avery and Avery 2001) . For example, S. cerevisiae expresses three GPX4-like proteins, one of which (GPX3) readily reduces hydroperoxy-phospholipids (Avery et al. 2004) . The potential association of this enzyme in yeast with ferroptosis can be deduced from the decreased abundance of phospholipids (and cytotoxicity) induced by cadmium and linoleic acid hydroperoxide in GPX3-deficient yeast cells (Muthukumar et al. 2011; O'Doherty et al. 2013) .
Further detailed studies of ferroptosis pathway components and regulators may uncover a possible ancient origin and role of ferroptosis in archaea, bacteria, and fungi or their participation in nondeath mechanisms. These studies have to be performed carefully, as use of only a few characteristic ferroptosis inhibitors may yield misleading results, as illustrated by a study on macrophages infected with the pathogenic yeast Histoplasma capsulatum (Horwath et al. 2017) . It was found that a prototypical ferroptosis inhibitor, ferrostatin-1, reduced the death of macrophages, implying a possible ferroptotic mechanism. However, more detailed studies revealed that this was not due to suppression of ferroptosis in target cells but was due to direct inhibitory effects of ferrostatin-1 on growth of H. capsulatum and the related species Paracoccidioides lutzii and Blastomyces dermatitidis, as other ferroptosis inhibitors (e.g., liproxstatin-1) did not exert this effect.
In summary, there is strong evidence for ferroptosis existing as a regulated cell death pathway in mammals (particularly mice) and plants. Similar regulators are found in other nonmammalian vertebrates, such as fish, reptiles, and birds, although the extent to which ferroptosis per se operates in these species is not clear. More distantly related eukaryotes, such as yeast, appear competent to undergo ferroptosis when supplemented with PUFAs, although they may not ordinarily use this process. Finally, prokaryotes and eukaryotes may in some cases subvert ferroptosis in mammalian hosts and might even themselves undergo ferroptosis in the relatively rare cases in which they incorporate environmental PUFAs into their membranes or when they operate at high temperatures. We suggest that the study of ferroptosis and lipid peroxidation in diverse species is a fertile ground for future investigations.
